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Abstract: The interfacial transition zone (ITZ) between the
fiber and the matrix significantly influences the strength-
ening and toughening effect of the fiber for the matrix.
The ITZ between the fiber and mortar is a weak link in
strain hardening cementitious composites (SHCC), the
loose structure is easily damaged, and it is the main
channel of ion attack. The oil reduces the hydrophilicity
of fiber and the bonding strength of fiber and mortar,
which decreases flexural and compressive strengths, but
increases the tensile ductility. The compressive strength
increased with the increase in the microhardness of ITZ.
Both freeze-thawing cycle and sulfate attack reduce the
flexural and compressive strengths, and ductility of
SHCC. The failure of ITZ is responsible for the perfor-
mance decrease. The strength of the samples containing
oiled fiber after the freeze-thawing cycle and sulfate
attack decreases more significantly.
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1 Introduction

At present, concrete is still a well-used construction
material. However, cement hydration products’ heteroge-
neous structure and characteristics result in making the
concrete fragile and prone to crack [1], thereby making
the reinforced concrete structure often work with cracks,
jeopardizing the durability of concrete structures [2-4].
To address the brittleness issue, fiber is often added to
bridge cracks and increase the energy absorption of the
material [5]. Among different kinds of fiber-reinforced
composites (FRC), strain hardening cementitious compos-
ites (SHCC) have stood out with their unique multiple
cracking behavior and ultra-high ductility [6-12]. SHCC
is designed by micromechanics and fracture mechanics
[13-16], which has better toughness, impact resistance,
multi-fracture extension, and a high ultimate tensile strain
value of up to 3-5% [17]. Benefitting from the fiber brid-
ging cracks, the force transmission property of the SHCC is
not significantly weakened by the micro-cracks, which
effectively reduces the inherent defects such as fragility
and strain softening of concrete [18-23].

A water film is generated between the fibers and
mortar during SHCC hardening, while Ca(OH), crystals
produced by cement hydration accumulate in the water
film layer, creating the interfacial transition zone (ITZ)
between the fiber and mortar [24]. The ITZ is often
regarded as the “weak link” in a material. The relatively
high porosity in the ITZ will provide a more accessible
pathway for the aggressive ions to penetrate [25]. Many
scholars have conducted theory and engineering appli-
cation research on the ITZ. Feng et al. [26] investigated
the effect of silica fume on the ITZ between steel fibers
and matrix, and the microstructure of the ITZ was eval-
uated using scanning electron microscopy (SEM). The
results showed that incorporating silica fume reduced
the ITZ breadth and improved the micromechanical prop-
erties. Rocha Ferreira et al. [27] used SEM and X-ray diffrac-
tion to evaluate the effect of carboxyl styrene-butadiene
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rubber coating on the performance of the vegetable fiber.
The results showed that the interaction between the
polymer and natural fibers depends on the cellulose
amount of fibers and their crystallinity. Hong et al. [28]
studied the microstructure and bonding properties of the
ITZ in fiber-reinforced concrete. The results showed that
many micro-cracks presented in the fiber-mortar ITZ and
the content of hydration products were much lower than
that in the matrix.

Actual engineering structures are often subjected to
harsh environments, such as sulfate attack and freeze-
thawing cycle, but few studies have reported the effects
of freeze-thawing cycle and sulfate attack on the struc-
ture of ITZ and mechanism of SHCC. Therefore, this
article focuses on observing the effects of service envir-
onment and oiled fiber on the SHCC’s ITZ, combined
with fiber-interface indicators to determine the con-
nection between the microstructure and macroscopic
properties.

2 Experiment
2.1 Materials

(1) Cement: P-O 42.5 grade Portland cement. The phy-
sical properties are shown in Table 1.

(2) Fine aggregate: the fine aggregate is river sand pro-
duced in Pingdu, Qingdao with fineness modulus
of 2.5.

(3) PVA fiber: the REC15 type PVA fiber is from Japan
Kuraray company, the performance index is shown
in Table 2.

(4) Fly ash and slag were used as admixtures, the che-
mical compositions are presented in Table 3.

Table 1: Cement performance index
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2.2 Mix proportion

The mass proportion of cement, slag, fly ash, fine aggre-
gate, water, and PVA fiber in SHCC is 2:1:1:2:1.61:0.098,
the water-binder ratio is 0.4, the specific mixing ratio is
shown in Table 4. The specific treatment and experiment
schemes are shown in Table 5. The sample preparation
and performance test are shown in Figure 1.

2.3 Methods of testing
2.3.1 Oil treatment scheme

The oil bath was prepared with the oil and deionized water
by the liquor ratio of 1:15 in a beaker. The mixing was car-
ried out with a magnetic stirrer for 5 min at 60°C. After that,
PVA fibers were added to the beaker and soaked for 30 min.
This allows the oiling agent to deposit on the fiber surface as
thin films. Later, the samples were padded at a pressure of
0.2MPa on a padding machine (one dip, one nip). Finally,
the oiled fibers were dried in an oven at 65°C for 30 min.

2.3.2 Mechanical test

GB/T17671-1999 “method of testing cements-Determination
of strength” was used to determine the flexural and
compressive strengths of SHCC after 28 days curing.
The sample size is 40 mm x 40 mm x 160 mm.

2.3.3 Measurement of microhardness

The specimens for the ITZ microhardness test were cut
into slices of 40 mm x 40mm x 10mm. The slices

Normal consistency (%) Fineness modulus (%)

Setting time (min)

Compressive strength (MPa) Flexural strength (MPa)

Initial Final 3 days 28 days 3 days 28 days
26 2.5 185 235 18.7 47.9 4.6 7.2
Table 2: PVA fiber performances
Diameter (pm) Elastic modulus (GPa) Tensile strength (MPa) Elongation (%) Density (g-cm™3) Length (mm)
31 40 1,600 6 1.3 6
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Table 3: Chemical composition of fly ash and slag (%)

Oxide Cao Sio, Al203 Fe,03 SO; MgO TiOZ
Fly ash  3.84 48.44 28.52 4.56 0.84 0.7 1.38
Slag 35.8 34.5 16.1 0.97 2.25 7.6 1.12

Table 4: The mixture ratio of SHCC (kg-m~3)

Cement Slag Fly ash  Fine aggregate = Water PVA

533.5 266.7  266.7 533.5 429.5 26.2

Table 5: Experiment scheme

Group Treatment Service environment
B4 Untreated Standard curing

B, Untreated Freeze-thawing

Bs Untreated Soak for 7 days

B, Untreated Soak for 60 days

0, Oiled Standard curing

0, Oiled Freeze-thawing

03 Oiled Soak for 7 days

0, Oiled Soak for 60 days

Note: B and O represent the specimens containing the untreated
fiber and the oiled fiber, respectively. 1, 2, 3, and 4 represent the
conditions being original for maintenance, subjected to freeze-
thawing cycle, sulfate attack for 7 days, and sulphate attack for
60 days, respectively.

freeze-thaw
cycle

Sulphate
attack

Figure 1: SHCC sample preparation and performance test.
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containing the ITZ between fiber and the matrix were
polished with 600# sandpaper and then with 1500#
sandpaper to obtain an adequately smooth surface. The
HX-1000T microhardness tester measured the microhard-
ness of ITZ. Due to the low microhardness of fiber, the
indentation area is too large. The test was performed at
20 um from the fiber, and the average microhardness is
calculated from 10 tests. The Microhardness test is shown
in Figure 2.

2.3.4 Tensile test

An electronic universal mechanical testing machine is
used to load the sample. The sample is in the shape
of dog-bone as shown in Figure 3(a), the loading device
is shown in Figure 3(b), and the loading rate is

0.1 mm-min~1.

2.3.5 Freeze-thawing cycle and aggressive ions attack
experiments

The number of freeze-thawing cycle was 150 times. The
test blocks were immersed in 5% Na,SO, solution for
7 days or 60 days, and the solution was replaced every
15 days to ensure that the PH value of the solution
remained constant.

Strength

Microhard
ness
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Figure 2: Schematic diagram of microhardness.
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Figure 3: Loading instrument for tensile test. (a) Dimensions (units:
mm) of dog-bone shaped specimens and (b) loading device.

3 Results and discussion

3.1 Effects of oiled fiber, freeze-thawing
cycle, and sulfate attack on mechanical
properties

The change in fiber hydrophilicity and service environ-
ment will change the bonding properties between the
fiber and mortar, which will affect the interfacial transi-
tion zone of SHCC and impact the mechanical properties.
Therefore, before studying the ITZ, the effects of oiled
fiber, freeze-thawing cycle, and sulfate attack on the
mechanical properties of SHCC were analyzed, as shown
in Table 6.

Oiled fiber significantly reduced the flexural and
compressive strengths of SHCC. The reason is that the
oiled fiber reduces the hydrophilicity of the fiber, making
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Table 6: The compressive and flexural strengths of SHCC

Group Flexural strength (MPa) Compressive strength (MPa)
B, 17.4 + 0.72 51.0 + 2.1

B, 14.4 + 0.51 423 +1.7

B, 18.3 + 0.57 53.3 £ 2.5

B, 14.7 + 0.63 43.9 + 0.9

0, 14.4 + 0.71 40.4 + 1.4

0, 12.7 £ 0.49 38.0 + 1.9

03 15.9 £ 0.52 435+ 2.3

0, 11.7 £ 0.55 371+ 1.1

the hydration products challenging to adhere to the fiber
surface, reducing the friction and mechanical bite force
between the fiber and the mortar, so, the strength is
reduced [7]. The flexural and compressive strengths of
SHCC first increase and then decrease with the increase
in the sulfate attack age. This may be because of the
formation of massive expansive products in the environ-
ment of sulfate attack. The products fill the porosity to
make the ITZ denser, increasing the early strength [29].
However, when the stresses generated by the expansive
products exceed the tensile strength of SHCC, the cracks
expand, which destroys the internal structure of SHCC
and leads to a decrease in strength [30]. The flexural
and compressive strengths of O, specimens is lower
than O; and B,. This indicates that SHCC with the oiled
fiber is more susceptible to damage and has more signif-
icant strength loss under sulfate attack.

After 150 freeze-thawing cycles, the flexural strength
of the SHCC decreased, and the flexural strength of O,
was lower than B,. The main reason is a strong affinity
between the unoiled fiber and mortar, which reduces
the surface peeling when damaged [31]. However, the
bonding strength between the oiled fiber and mortar
becomes smaller, so the breaks are more severe when
subjected to freeze-thawing cycle damage.

3.2 The influence of oiled fiber, freeze-
thawing cycle, and sulfate attack
on tensile properties

The uniaxial tensile stress—strain curve of SHCC is shown
in Figure 4. Comparing the specimens with untreated
fiber, finding that the SHCC under standard curing pre-
sents the strain hardening characteristics, the stress jitter
is gentle and shows multiple cracking phenomena. After
sulfate attack and freeze-thawing cycle, the tensile
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Tensile stress/MPa

Tensile strain/%

Figure 4: Tensile stress—strain curves of SHCC.

deformation capacity and jitter of the stress—strain curve
decreases. However, the specimens after freeze-thawing
cycle still exhibit strain hardening characteristics [32,33].
Different from the flexural and compressive strengths,
oiled fiber enhances the tensile ductility of SHCC. The
ultimate strain is up to 5.4% for original specimens which
is significantly higher compared to that of sulfate attack
and freeze-thawing cycling specimens, but the ultimate
tensile strength decreases.

3.3 Influence of oiled fiber and sulfate attack
on microhardness

The influence of oiled fiber and sulfate attack on the

microhardness of ITZ is shown in Figure 5(a). Because
the samples in the freeze-thawing cycle are severely

60
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damaged, the freeze-thawing specimens are not analyzed
for microhardness.

Under sulfate attack, the microhardness first increases
then decreases with the attack age. The reason is that
the sulfate first attacks SHCC from ITZ and diffuses into
ITZ, making the structure denser, leading to an increase
in microhardness. However, when the swelling stress
exceeds the tensile strength, causing cracking, spalling,
and strength loss in ITZ [34,35], the microhardness
decreases. Subsequent Section 3.4 will further analyze
the microstructure changes in ITZ and the attack channel
of sulfate into SHCC. Oiled fiber reduces the microhardness
of SHCC, indicating that the de-hydrophilic treatment for
fiber reduces the bonding force between the fiber and
the mortar, resulting in a decrease in ITZ hardness.

The best-fitting line of compressive strength and
average microhardness is shown in Figure 5(b). The
microhardness and compressive strength of SHCC are lin-
early correlated. The compressive strength increases with
the microhardness, indicating that it is necessary to study
the interfacial properties of SHCC and ITZ microhardness
which are the main factors affecting the mechanical prop-
erties of SHCC.

3.4 Micro-morphology of ITZ

The ITZ of SHCC is not only different from mortar in micro-
structure but also in chemical composition. To more accu-
rately analyze the influence of oiled fiber, freeze-thawing
cycle, and sulfate attack on ITZ, the SEM technology was
used to observe the interface morphology. The energy
dispersive spectroscopy (EDS) technology was used to
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Microhardness and its relationship with compressive strength. (a) Microhardness and (b) the relationship curve between com-
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analyze the element changes in SHCC to explore the
difference between the hydration products.

3.4.1 The effect of oiled fiber on the ITZ

As exhibited in Figure 6, the mortar completely covered
the fibers without exposing the fiber surface, indicating
that the untreated fibers have a solid hydrophilic and
considerable bonding strength with mortar. Figure 6(b)
shows that the ITZ is broken when the fiber is pulled out,
indicating that ITZ is weaker than mortar and has a
loose structure, often as the cracks’ origin. As shown
in Figure 7, there is an oil film on the fiber surface,
and the friction is slight, which is not enough to bring
out the loose structure. The ITZ is relatively intact. There
is no apparent rupture or collapse mark, consistent with
its ductility.

The influence of oiled fiber, freeze-thawing cycle, and sulfate attack on SHCC =— 213

Using EDS technology to analyze the element com-
position of the ITZ and mortar of B; specimen and O,
specimen, the location in the B; is shown in Figure 8,
and the element content is displayed in Figure 9 and
Table 7.

Both B; and O; specimens in ITZ have a higher Ca
element and O element content than the mortar, while
the Si content is lower than the mortar, indicating that
the ITZ is an enriched zone of Ca(OH),, but it is a poor
zone of C-H-S. Ca(OH); has a layered structure and weak
bonding strength. Once subjected to stress, it is often the
origin of cracks, so the ITZ is more easily destroyed. The
difference in element content between B; and O; speci-
mens is slight, so it can be inferred that the oiled fiber
only changes the hydrophilicity of the fiber and does not
reduce the hydration products. The main reason for the
decrease in the compressive and flexural strengths is that
the oil decreases the adhesion between mortar and fiber.

Figure 6: The SEM images of PVA fiber in B; specimen. (a) Fiber surface and (b) fiber port.

(®)

Figure 7: The SEM images of PVA fiber in O, specimen. (a) Fiber surface and (b) fiber port.
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Figure 8: The location of the groove left by pullout fiber and mortar
in B; specimen.

DE GRUYTER

3.4.2 The effect of freeze-thawing cycle on ITZ

Figures 10 and 11 show the effects of freeze-thawing cycle
on the ITZ. As shown in Figure 10, after the freeze-
thawing cycle, the ITZ is looser, more pores, and cracks
extend to the mortar. The main reason is that the freeze-
thawing cycle makes the toughness of mortar worse, the
volume of water film attached to the fiber surface and
the free water in the mortar constantly change, which
increase the pores between the fiber and the mortar,
making the ITZ structure become loose [36].

As exhibited in Figure 11, comparing the B, and O,
specimens, the fiber surface is smooth in O, specimen,
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Figure 9: Energy spectra from Element analysis.
Table 7: Element composition of specimens from EDS analysis
Group Content/% (mass ratio)
112 Mortar
(] Al Si S Ca 0 Al Si S Ca
B, 66.41 2.29 5.29 0.27 25.74 62.55 5.20 10.32 0.47 21.46
0, 64.35 1.79 6.54 0.44 26.88 61.66 5.67 9.06 0.77 22.84
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and the ITZ structure is loose and porous, which reveals
that the freeze-thawing cycle destroys the ITZ structure
and reduces the bonding strength between the fiber and
mortar. Oiled fiber has less bonding strength after freeze-
thawing cycle.

Using EDS technology to analyze the elemental com-
position of the ITZ and mortar in B, specimen and O,
specimen, the element content is shown in Figure 12
and Table 8.

The ITZ in B, and O, specimens with high Ca and low
Si content further proves that ITZ is the weak link in
SHCC. The element types for B;, B,, and O, specimens
are similar, indicating that the source of freeze-thawing
damage is the volume change when water turns into ice,
and the hydration product types of ITZ do not change.

3.4.3 The influence of sulfate attack on the ITZ

The microstructure of the ITZ by sulfate attack for 7 days
and 60 days is shown in Figures 13 and 14.

The influence of oiled fiber, freeze-thawing cycle, and sulfate attack on SHCC = 215

Figures 13 and 14 show that there are many hydration
products on the surface of the fibers after sulfate attack
for 7 days. Compared with the specimens without sulfate
attack, the structure is denser, and products produced
by sulfate attack fill the loose system and improve the
denseness of ITZ. While the specimens with sulfate attack
for 60 days had less adhesion on fiber surface, and the
system is more flexible. This shows that the long-term
sulfate attack reduces the drawing property of fiber,
resulting in decreased flexural strength, compressive
strength, and ductility for SHCC. Oiled fiber reduces
the bonding strength between the fiber and mortar,
making the fiber surface smoother.

EDS technology was used to analyze the element
composition of the ITZ and mortar in B, and O, samples.
The element content is shown in Table 9.

Energy spectrum analysis shows that the S content in
ITZ is significantly higher than that in the mortar, indi-
cating that the ITZ is the primary way for sulfate attack to
invade SHCC, and the sulfate ions first invade the ITZ
in SHCC.

(b)

Figure 10: The SEM images of PVA fiber in B, specimen. (a) Fiber surface and (b) fiber port.

Figure 11: The SEM images of PVA fiber in O, specimen. (a) Fiber surface and (b) fiber port.
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Figure 12: Energy spectra from element analysis.

Table 8: Element composition from EDS analysis

Group Content/% (mass ratio)

ITZ Mortar
0 Al Si S Ca 0 Al Si S Ca

B, 63.97 4.19 4.36 0.36 27.12 64.69 3.50 10.06 0.40 21.35
0, 66.06 2.08 5.04 0.81 26.01 63.47 3.60 9.50 0.51 22.92

(b)

Figure 13: The SEM images of PVA fiber after sulfate attack for 7 days. (a) Untreated and (b) oiled.
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Figure 14: The SEM images of PVA fiber after sulfate attack for 60 days. (a) Untreated and (b) oiled.

Table 9: Element composition of specimens by EDS analysis

Group Content/% (mass ratio)
ITZ Mortar
(o] Al Si S Ca (o] Al Si S Ca
B, 66.30 3.32 4.75 2.19 23.44 62.32 3.10 8.33 1.21 25.04
0, 68.20 1.38 6.13 2.23 21.26 63.50 3.35 7.47 1.48 24.42

Figure 15: Distribution diagram of the element. (a) EDS mapping-scanning of B, specimen, (b) SKa 1, (c) CaK a1, and (d) Si K a 1.
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To further prove the intrusion path of sulfate attack in
SHCC, the ITZ in B, specimen was analyzed by EDS map-
ping-scanning, and the results are shown in Figure 15.

The groove in SEM is the ITZ in SHCC. The content of
the S element in ITZ is significantly higher than mortar,
and the element distribution is denser. It shows that the
sulfate attack is more likely to first invade the ITZ in
SHCC. The ITZ is the primary channel for sulfate attack.

In summary, ITZ between fiber and mortar is a weak
link in SHCC, an enriched zone containing Ca(OH),,
which results in main channel of ion attack. The oil
reduces the hydrophilicity of fiber, reduces the interaction
of fiber-matrix, which decreases flexural and compressive
strengths, but lowers the threshold for crack initiation and
increases the tensile ductility. Freeze-thawing cycle and
sulfate attack for 60 days destroy the ITZ structure,
reduce the fiber-mortar bonding strength, which is the
main reason for the decrease in the flexural and com-
pressive strengths.

4 Conclusion

The influence of oiled fiber, freeze-thawing cycle, and

sulfate attack on the flexural and compressive strengths

and flexibility of ITZ between the fiber and mortar of

SHCC were studied, and the main conclusions are below:

(1) The flexural and compressive strengths of SHCC is
related to the bonding strength between the fiber
and mortar. The greater the friction bonding strength
between the fiber and mortar, the higher the mechan-
ical properties for SHCC. The oiled fiber reduces the
fiber hydrophilicity, decreasing flexural and com-
pressive strengths, but increases the tensile ductility.
Oiled fiber mitigates the microhardness of ITZ. The
microhardness increases first and then decreases
with an increase in the sulfate attack age.

(2) The ITZ between fiber and mortar is the weak link in
SHCC, the structure is loose and prone to damage,
usually the origin of cracks. The EDS results show
that the Ca(OH), content of ITZ is higher than that
of mortar, but C-H-S content is lower than mortar.
Moreover, ITZ is the primary channel for sulfate
attacks, so ITZ is more likely to cause performance
damage.

(3) Sulfate attack and freeze-thawing cycle reduce the
flexural strength, compressive strength, and ducti-
lity of SHCC. Microscopic analysis shows that ITZ
damage between fiber and mortar is the main reason
for declining performance. Oiled fiber increases the
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ductility of the sample subjected to freeze-thawing
cycle and sulfate erosion, but the strength decreases.
The strength of the samples containing oiled fiber after
freeze-thawing cycle and sulfate attack reduces more
significantly.
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